Dihydroporphyrin iron (III) chelates (also known as DHFe) have a role in plant growth regulation under normal and stressful conditions. In the present study, using Glycine max cultivars Jackson (the salt-sensitive) and Lee68 (the salt-tolerant) as the experimental materials, the physiological and molecular events contributing to the ameliorative effects of foliar DHFe spray on seedling growth; leaf photosynthetic parameters; reactive oxygen species (ROS) content; antioxidant enzyme activity; Na + , K +, and Cl -contents; and seed traits of soybean plants under control or salt-stressed conditions were investigated. The results showed that foliar spraying DHFe solution on soybean seedlings under NaCl treatment can significantly increase the leaf osmotic potential (ψs) and relative water content (RWC); reduce the Na + and Cl -contents and Na + /K + ratio; and simultaneously enhance the leaf antioxidant enzymes (CAT and APX, POD and SOD) activity, together with the mitigated ROS damage (lower H 2 O 2 and MDA contents). Thus, it can apparently restore the salt stress-inhibited growth and photosynthetic capacity of Jackson and Lee68 seedlings, of which the salt-sensitive cv. Jackson displayed more pronounced effects. This may be related to the fact that, except for DHFe as a kind of antioxidant, foliar application of DHFe could enhance the transcription levels of GmCLC1 in roots and leaves and those of GmSOS1 in roots of Jackson plants under salt stress. When continuously cultivated to maturity, foliar spraying DHFe under salt stress could improve, to a certain extent, the seed traits (including the numbers of pods and seeds and seeds dry weight per plant) of both soybean cultivars. This approach may also provide a valuable theoretical basis and technical guidance for future practical application of DHFe as a type of plant growth promoter for the chemical regulation of foliar DHFe spray in mitigating salt injury to soybean and other crops under saline cultivation conditions.
Introduction
It is estimated that more than 20% of the world's agricultural land and 50% of its cropland are facing salinization . Salt stress is one of the most serious environmental factors limiting agricultural crop growth and productivity worldwide, and thus, salinization of water and soils in major agricultural areas, particularly in arid and semi-arid regions, has become a major concern for global food production (Ondrasek et al., 2011; Shi et al., 2015) .
Salt stress can cause ionic stress, osmotic stress, and nutritional imbalance and produce more reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ) and superoxide radical (O 2 ·-), which leads to lipids peroxidation, proteins oxidation, impairment of nucleic acids, inhibition of enzyme activities, and activated programmed cell death. These issues ultimately result in reduced photosynthetic efficiency, accelerated senescence, decreased yield and quality, and even death by changing the physiological, biochemical and molecular levels of the plants (Rady, 2016) . NaCl is often the major molecule causing salt stress on plants or crops in agricultural practice because the high concentrations of Na + and Cl -that can accumulate within the plant cells not only possess ionic toxicity but also cause a water deficit condition and ionic imbalance or deficiency (such as K + ) of others nutrients (Munns and Tester, 2008; Guo et al., 2017) . As we know, Na + efflux across the plasma membrane is mainly attributable to the salt overly sensitive 1 (SOS1) Na + /H + antiporter. Numerous transgenic studies have suggested that SOS1 as a Na + efflux transporter may be considered as the most important functional protein for the acquirement of a salt tolerance trait for different plant species (Nie et al., 2015) . Cl -uptake, transport and compartmentation are mediated by chloride channels (CLCs), which are mostly distributed in the tonoplast of cell vacuoles, for soybean as an example, Gm-CLC1 has been shown to locate at the tonoplast and play a crucial role for Cl -uptake and compartmentation in the vesicles and for Cl -/salt tolerance under saline conditions (Wong et al., 2013; Wei et al., 2016) .
The improvement of crop salt tolerance and saline soil bioremediation is currently one of the most important research projects in the process of sustainable agriculture development. There are several ways to improve salt tolerance of crops, including the chemical regulation of exogenous application of certain plant growth substances, traditional plant breeding and modern transgenic plants.
A widely studied chlorophyll derivative, chlorophyllin (CHL), the sodium-copper salt and water-soluble analogue of the ubiquitous green pigment chlorophyll, has been shown to possesses higher antioxidant ability than AsA, GSH, mannitol, and tert-butanol at equimolar concentrations for protecting mitochondria, inhibiting the mutagenicity of various chemicals in bacteria or mice (Kamat et al., 2000) . For example, Fe-CHL, a novel hydroxyl radical scavenger in mammals, could promote wheat root growth by increasing superoxide dismutase (SOD) and peroxidase (POD) activities and intracellular nitric oxide (NO) generation while decreasing the indole acetic acid (IAA) oxidase activity (Tong et al., 2010) . Dihydroporphyrin iron (III)
chelates (DHFe), as one kind of specific chlorophyll derivative, can be formed by chelating pyropheophorbide, purpurin, and dihydroporphyrin, serving as main ligands and different acid radicals or hydroxy radicals serving as axial ligands (X) with the transitional trivalent iron ions. High contents of organic matter somehow prevent crystallisation and oxidation trends of mineral species, such as iron (III) (Pizarro et al., 2017) . DHFe species have been shown to possess plant growth regulatory activity. Additionally, our previous work has suggested that foliar DHFe spray displays ameliorative effects on seedling growth and seed yield of salt-stressed rapeseed plants by significantly reducing Cl -content in the above-ground plant parts and enhancing leaf antioxidant enzyme activity, resulting in the decrease of ROS level and improvement of photosynthesis (Cao et al., 2016) .
Soybean, which comes from China and is one of the major crops in China, is the world's most widely planted cereal leguminous crop and also the main source of plant proteins and fats for human agricultural production and daily life . During soybean planting and production, salt, drought, waterlogging and other adverse environmental stresses often occur, leading to suppression of plant growth and development and decreased yield and quality (Hasanuzzaman et al., 2016) .
Therefore, seeking a simple and effective measure for improving soybean stress tolerance by chemical regulation is both very meaningful in theory and necessary in practice. In our earlier works, measures such as seed soaking by soybean isoflavones (Wu et al., 2011; Tian et al., 2014) and foliar spraying of methanol (Wei et al., 2015) 
Materials and Methods

Plant materials and growth conditions
Experimental soybeans were G. max (L.) Merr. cv.
Jackson (the salt-sensitive) and cv. Lee68 (the salt- The photoperiod was about 14 h/10 h (day/night).
Experimental design
(1) The seedlings test: According to our previous work as Cao et al. (2016) , when the first trifoliate leaves appeared, the seedlings of cv. Jackson and cv.
Lee68 were randomly divided into 4 groups. (Tian et al., 2014) .
Assay of Na
The contents of K + and Na + were determined as Wei et al. (2015) with minor modifications. Soybean seedlings were fully rinsed in distilled water after 105 °C fixing for 5 min and were dried to constant weight at 80 o C. Dry matter was ground and screened with a 60-mesh sieve, then 100 mg for each sample were put into the tube (25 mL) and added 20 mL of deionized water, boiled together for 2 h, then filtered. Deionized water was added to make a final volume of 50 mL. K + and Na + contents were estimated using flame spectro-
entific Instrument Co., China). Measurements were calibrated using NaCl or KCl solutions of known con-centrations, while Cl -content was measured by spectrophotometry (Zhou and Yu, 2009 MDA content was measured according to the method described as Wei et al. (2015) . The leaf samples (0.3 g) were homogenized in 3 mL 5% (w/v) trichloroacetic acid (TCA) and the homogenate was centrifuged at 12,000×g for 10 min, then 2 mL of supernatant was 
Antioxidant enzyme assays
Enzyme extractions were performed according to the method of Li et al. (2011) with slight modifications. mmol L -1 cm -1 ). One unit of CAT activity was defined as a change in absorbance of 0.1 U min -1 caused by the addition of the enzyme extract (Qiu et al., 2014) .
The POD activity was measured with guaiacol as the substrate according to Liang et al. (2003) with some modifications. The reaction mixture (3 mL) consisted of 100 mmol L -1 sodium acetate buffer (pH 5.4), 0.25% guaiacol, 0.75% H 2 O 2 , and 100 mL enzyme extract. The increase in absorbance due to oxidation of guaiacol was measured at 470 nm for 1 min. One unit of POD activity was defined as a change in absor-
The SOD activity was assayed using the photochemical nitroblue tetrazolium (NBT) method (Li et al., 2011 
RNA extraction and analysis of GmCLC1 and
GmSOS1 gene expression
Gene-specific primers for GmCLC1 and Gm-SOS1 were designed using Primer Premier software (ver. 5.0) as follows: GmCLC1-F:5′- 
Analysis of seed-related traits
Ten soybean plants at maturity were randomly selected, and the numbers of pods and seeds and the seed dry weight per plant were recorded.
Statistical analysis
All data were analysed and presented as the mean ± SD for each treatment (n = 3, or n = 10 for seed traits at maturity) using SPSS software ver. 19.0. The data were subjected to one-way analysis of variance (ANOVA), and the mean differences were compared using Duncan's test (P < 0.05). 
Results
Effects of foliar spraying
Changes in leaf Pn, Gs, Ci and Tr of salt-stressed soybean seedlings sprayed with DHFe
Under normal culture condition, plus foliar spraying lings were maintained at lower levels, and no obvious influences were displayed after additional foliar DHFe application. showed no significant difference compared to the controls (P > 0.05) (Figure 4) . 
Effects of foliar spraying DHFe on contents of
Effects of foliar spray of
Effects of foliar spraying DHFe on transcriptional patterns of GmCLC1 and GmSOS1 in roots and leaves of salt-stressed soybean seedlings
During the 48 h of salt stress process, the highest relative expression (13.28 times) of GmCLC1 in the roots of the salt-sensitive Jackson seedlings without foliar spraying DHFe occurred in the NaCl treatment for 12 h. Additional foliar spraying DHFe treatment could make this peak advance to 6 h, and still maintain at these higher levels at the subsequent 12, 24 and 48 h, as respectively compared to those without foliar spraying DHFe. However, this situation was not displayed in roots of the salt-tolerant Lee68 seedlings.
In terms of the leaves, the main performance of foliar spraying DHFe under salt stress was to significantly enhance the GmCLC1 transcription levels in Jackson and Lee68 during the late process of salt treatment (e.g., 24 and 48 h) ( Figure 6A ). In addition, under NaCl treatment for 48 h, with or without foliar spraying DHFe, the transcriptional levels of GmSOS1 (Table 1) . 
Discussion
Ionic injury due to Na + and Cl -accumulation, especially in the leaves or above-ground parts of plants, cell membrane lipid peroxidation resulting from more ROS production than scavenging, growth inhibition and biomass reduction, and photosynthesis decline accompanied with the reduced yield, are the commonly physiological and morphological damages identified in plants under salt stress (Munns and Tester, 2008 ).
The differences observed in plant stress tolerance primarily depend on its diversely congenital species or genotype, combined with various postnatal or acquired improvement measures of agronomic cultivation (including chemical regulation and stress acclimation) and genetic engineering (Tian et al., 2014; Deinlein et al., 2014) . G. max cv. Jackson and cv.
Lee68 are often used as the salt-sensitive and the salt-tolerant soybean materials, respectively . Both were adopted in this work and their salt tolerance variation was verified again. huge leakage of cell contents (Miller et al., 2010) .
Taking the example of salt stress, maintaining high levels of antioxidant substances (including enzymes and non-enzymes) is becoming the main physiological and biochemical means for strong salt tolerance in halophytes, or as potential selection criteria for improving salt tolerance of glycophytes by chemical regulation or molecular marker assistant breeding (Ashraf, 2009; Bose et al., 2014) . Many studies have suggested that some exogenous substances that affect plant growth, such as salicylic acid (SA) in mustard (Syeed et al., 2011) , H 2 O 2 in wheat (Li et al., 2011) , spermine in cucumber (Shu et al., 2013) , jasmonic acid (JA) in wheat (Qiu et al., 2014) , and methanol in soybean (Wei et al., 2015) can enhance the tolerance to salt stress. Foliar spray, seed soaking and soil application of plant growth regulators are the commonly used methods for managing plant growth and development under normal or stressful conditions. DHFe, a chlorophyll derivative, has good antioxidant properties. Our previous work has also suggested that DHFe can serve as a type of antioxidant plant growth promoter for the production of crops such as rapeseed, under normal or saline environments (Cao et al., 2016) . Contents of K + , Na + and Cl -are important indexes to measure the degree of salt injury on plants under salt stress, and maintenance of lower Na + /K + ratio and Cl -content in plants is a vital strategy for its salt adaptation (Munns and Tester, 2008; Wei et al., 2015) . Cao et al. (2016) showed that the salt-inhibited pods number, seeds number, and seed dry weight per plant of both soybean cultivars recovered under foliar spraying DHFe, of which the salt-tolerant Lee68's recovery even slightly exceeded the control level (Table 1) due to its relatively slighter salt injury. Thus, all of these findings illustrate that, in both the seedlings stage and whole growth period of the soybean, foliar spraying DHFe displayed mitigating effects on salt injury, and the mitigating degree varied within the salt tolerance of soybean cultivars.
Conclusions
After foliar spraying DHFe to the salt-stressed 
